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The carrier concentration of GaSb epitaxial layers grown from Sb-rich solutions by liquid-phase
epitaxy is controlled by replacing nominally undoped GaSb by Te-doped polycrystalline GaSb to
suppress or compensate the background hole concentration. The dependence of the 10 K
photoluminescence peak wavelength and intensity on the doping level of the Te-compensated GaSb
layers has been investigated. The absorption spectra are examined as a function of carrier
concentration. Low-dopant-concentration p-type GaSb samples exhibit the band gap shrinkage with
increasing hole concentration, while the lightly Te-doped n-type GaSb samples exhibit a band gap
increase due to the Burstein–Moss shift with increasing electron concentration. By using Te-doped
GaSb layers with an electron concentration of 5.631015 cm23, the fabricated GaSb photodiodes
exhibit a low dark current of 2 mA at 25 V, a high breakdown voltage of 28.7 V at 20 mA, and a
maximum photoresponsivity of 0.55 A/W with an external quantum efficiency of 40% at 1.72
mm wavelength. © 1996 American Institute of Physics. @S0021-8979~96!05415-1#I. INTRODUCTION
Much attention has been given to GaSb and antimonide-
based ternary and quaternary compounds ~e.g., AlGaAsSb
and GaInAsSb!, which are promising candidate materials for
avalanche photodiodes ~APDs! or photodetectors with appli-
cations to optical fiber communication systems in the near-
to middle-infrared wavelength range.1 In general, the high
dark current and low breakdown voltage, exhibited in GaSb-
related optoelectronic devices, results from the small energy
difference between the central ~direct! and satellite ~indirect!
conduction-band minina and restricts the applicability of
these devices.2,3 Although investigations of optoelectronic
devices utilizing the GaSb-related heterostructures have been
made by many authors, problems still remain with the
growth of device-quality epitaxial layers. However, the study
of low-dopant-concentration GaSb layers is crucial for the
fabrication of high performance GaSb pin photodiodes or
APDs. The unintentionally doped GaSb grown by most epi-
taxial techniques is naturally p type with a hole concentration
larger than 131017 cm23. The high background carrier con-
centration of GaSb is due to native lattice defects or antisite
defects.4–7 Many workers reported that good quality GaSb
layers can be grown on ~100!-oriented substrates at lower
growth temperatures from both Ga- and Sb-rich solutions by
liquid-phase epitaxy ~LPE!.4–6 Our previous articles4,5 re-
ported the n-type GaSb layers with an electron concentration
of 831015–431018 cm23 can be grown from Ga-rich solu-
tions by LPE utilizing both different growth temperatures
~300–600 °C! and Te-compensated method. Capasso, Pan-
ish, and Sumski6 reported that the GaSb layers with a very
low net donor concentration of 5–5031014 cm23 can be
grown from Ga-rich solution at 300–375 °C or using Te-
doped compensation at ;500 °C. On the other hand, the
high background hole concentration can be reduced to 4–30
31015 cm23 by the growth from Sb-rich solutions due to
more of a sufficiency of Sb in the GaSb lattice site.7–10 WeJ. Appl. Phys. 80 (3), 1 August 1996 0021-8979/96/80(3)/17
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dopant into the Sb-rich solutions during the LPE growth.11
However, the carrier concentration, luminescence, and ab-
sorption properties of GaSb layers lightly doped with Te
grown by LPE from Sb-rich solutions remain unstudied.
The aim of this present article is to describe the detailed
electrical and optical properties of GaSb layers grown by
LPE from Sb-rich solutions using the compensation method.
In addition, the fabricated GaSb photodiodes exhibit desir-
able characteristics of low dark current and high photore-
sponsivity.
II. GROWTH AND CHARACTERIZATION OF LOW-
ELECTRON-CONCENTRATION Te-DOPED
GaSb LAYERS
The GaSb epitaxial layers were grown by LPE from Sb-
rich solutions on ~100!-oriented Te-doped GaSb substrates
having a carrier concentration of 3–531017 cm23 and an
etch–pit density of less than 53103 cm22. Appropriate
amounts of 6-9’s Ga, Sb, and polycrystalline GaSb forms the
GaSb growth solution with XGal50.137 and XSbl50.863,
where XGal and XSbl is the atomic fraction of Ga and Sb in
the GaSb solution, respectively. In order to obtain low-
concentration GaSb layers, the Te-doped polycrystalline
GaSb with an electron concentration of 7.431017 cm23 is
used to replace some of the nominally undoped GaSb ~re-
sidual p-type background! source material for the purpose of
compensation.5 The weight percent of Te-doped polycrystal-
line GaSb was varied from 0% ~all undoped polycrystalline
GaSb! to 100% ~all Te-doped polycrystalline GaSb!. The
melt was first prebaked at 700 °C for 10 h or more to reduce
the native oxides that tend to form on the melt. After loading
the wafer, it was reheated up to 660 °C for 1 h to redissolve
the growth solution homogeneously. Prior to growth, the
substrate was etched in situ with an undersaturated GaSb
solution for 3–5 s to remove the residual oxide layer on the173131/4/$10.00 © 1996 American Institute of Physics
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GaSb substrate surface. Then, the GaSb epitaxial layer was
immediately grown at 615 °C by means of a supercooling
technique with a ;7 °C supersaturation and a cooling rate of
0.3–0.5 °C/min. The thickness of GaSb epitaxial layers was
typically 3 mm during a growth period of 5 min. The GaSb
layers were characterized by electrochemical capacitance-
voltage ~C-V!, low-temperature photoluminescence ~PL!,
and optical absorption measurements. Details of growth con-
ditions and characterization techniques were given
elsewhere.10,11
Figure 1 shows the dependence of carrier concentration
of Te-doped GaSb layers on the weight percent of Te-doped
polycrystalline GaSb in the growth solution. The undoped
GaSb layers were p type with a net hole concentration of 8.6
31016 cm23. The hole concentration rapidly falls off to 3.7
31015 cm23 as the weight percent of Te-doped polycrystal-
line GaSb is increased up to 8%. By increasing the weight
percent of Te-doped polycrystalline GaSb, the conduction
type changes from p to n type. The lowest electron concen-
tration of 5.631015 cm23 is obtained at a weight percentage
of 12%. As the weight percent is further increased, the elec-
tron concentration increases from 5.631015 cm23 at the per-
centage of 12% to 831017 cm23 at the percentage of 100%
in the growth solution.
Figure 2 shows the 10 K PL spectra excited with an
identical laser power density of 10 W/cm2 for GaSb epitaxial
layers with a weight percent of Te-doped polycrystalline
GaSb of ~a! 0 wt% ~undoped!, ~b! 5 wt%, ~c! 8 wt%, ~d! 12
wt%, ~e! 20 wt%, ~f! 30 wt%, and ~g! 40 wt%, which corre-
sponds to have a carrier concentration of ~a! p58.631016
cm23 , ~b! p55.831015 cm23, ~c! p53.731015 cm23, ~d!
n55.631015 cm23, ~e! n59.231016 cm23, ~f! n51.8
31017 cm23, and ~g! 2.931017 cm23, respectively. The PL
spectra are normalized to the same main peak intensity. As
shown in curve ~a! of Fig. 2, the PL spectra of undoped
FIG. 1. The carrier concentration of Te-doped GaSb epitaxial layers grown
from Sb-rich solutions as a function of the weight percent of Te-doped GaSb
in undoped polycrystalline GaSb in the growth solutions.1732 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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the optical transitions of free exciton ~FE! at 809.5 meV
~1.531 mm!, excitons bound to neutral acceptors ~BE4! at
796 meV ~1.558 mm!, donor–acceptor pairs ~A! at 777.5
meV ~1.595 mm!, and a broadband G in the long-wavelength
region.5,8,10 An increase in the weight percent of Te-doped
polycrystalline GaSb from 5 to 40 wt% gives rise to a de-
crease in the PL intensity of both lines FE and BE4. As the
weight percent of Te-doped polycrystalline GaSb increases,
the intensity of band A , which originated from the donor–
acceptor (D–A) transitions of native defects or
antistructures,12 decreases gradually and becomes a shoulder
of band A8. The emission band A8 at 772.2 meV ~1.605
mm!, which is identified as the transition between the native
defects and Te donors in the Te-doped GaSb layers grown
from Sb-rich solutions, becomes dominant, broader, and
more symmetric with further increasing electron concentra-
tion. In the low-energy region, there exists a broad and weak
band G which can be resolved into five lines denoted as
BE4-LO, B , U , A-LO, and U8 located at 765.0 meV ~1.621
mm!, 758.0 meV ~1.636 mm!, 755.2 meV ~1.642 mm!, 748.5
meV ~1.657 mm!, and 743.3 meV ~1.668 mm!,
respectively.5,9 Lines BE4-LO and A-LO are attributed to the
longitudinal optical ~LO! phonon replica of lines BE4 and A
with an the LO phonon mode of ;29.4 meV in GaSb,
FIG. 2. 10 K GaSb PL spectra excited at 10 W/cm2 of Te-doped GaSb
layers with various polycrystalline GaSb with a carrier concentration of ~a!
0 wt% ~undoped!, p58.631016 cm23 ~b! 5 wt%, p55.831015 cm23, ~c! 8
wt%, p53.731015 cm23, ~d! 12 wt%, n55.631015 cm23, ~e! 20 wt%,
n59.231016 cm23, and ~f! 30 wt%, n51.831017 cm23, ~g! 40 wt%, n52.9
31017 cm23.Sun, Jiang, and Wu
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respectively.12 The band B is attributed to the donor–
acceptor-pair transition between the donor states formed by
lightly doped with Te and another unknown deep acceptor
with an activation energy of 52 meV.5,10,12 Line U may be
identified as the transition between an unknown deep accep-
tor and Te donor states. Line U8 may be considered as the
unresolved deep-acceptor related transitions. Both lines U
and U8 will merge together with the broadband B and dis-
appear at higher percentages of Te-doped polycrystalline
GaSb. For the percentage of Te-doped polycrystalline GaSb
more than 8 wt%, the PL intensity of the broadband G falls
off rapidly while that of line A8 increases dramatically. It is
believed that the PL spectra of Fig. 2, which are significantly
different from those of the GaSb samples grown from Ga-
rich solutions,7,10 is attributed to the lower defects or antisite
structures of the GaSb layers grown from Sb-rich solutions.
The absorption spectra at 300 K for the four samples
with a carrier concentration of ~1! p58.631016 cm23 ~un-
doped!, ~2! p53.731015 cm23, ~3! n52.931017 cm23, and
~4! n59.231016 cm23, respectively, are shown in Fig. 3.
The absorption coefficient a strongly depends on the free
carrier concentration. Both the absorption spectra ~1! and ~2!
of the p-type GaSb samples shift towards the lower energies
due to the effective band gap shrinkage resulting from the
mergence of acceptor band and valence band.13,14 However,
the energy shift from band gap of GaSb is very small due to
the low hole concentration. However, for the spectra ~3! and
~4! of n-type GaSb samples, the absorption edge shifts to-
wards the higher energies with increasing electron concen-
tration. The shift, known as Burstein–Moss shift,15 is due to
the filling of the conduction band and has been reported in
many heavily doped n-type materials such as InP,16 GaAs,17
FIG. 3. Optical absorption spectra of four GaSb samples with different
carrier concentrations at 300 K.J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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GaSb ~me*;0.0412mo),2 the lower density of states at the
bottom of the conduction band in GaSb may result in a de-
generate n-type material, even at electron concentrations as
low as 831015 cm23.5
III. FABRICATION AND PERFORMANCE OF GaSb
PHOTODIODE
For the GaSb photodiodes described here, a 6 mm thick
GaSb epitaxial layer was grown on the n-type GaSb sub-
strate by LPE from an Sb-rich solution. The GaSb epitaxial
layers was doped with 12 wt% Te-doped polycrystalline
GaSb in the growth solution to obtain a low electron concen-
tration of 5.631015 cm23 . The p–n junction was formed at
a depth of ;0.5 mm from the top surface by a sealed-
ampoule diffusion using an alloy source of 25 wt% Zn in Sb
at 450 °C for 1 h. Mesa structure diode with 150 mm diam. is
defined by standard photolithographic techniques and formed
using a bromine/methanol etchant. Contacts were made by
evaporating Au ~300 nm!/AuGeNi ~100 nm! for the n side
and Au ~300 nm!/AuZn ~100 nm! for the p side and sintering
at 350 °C for 30 s in a nitrogen ambient by rapid thermal
annealing. The schematic cross section of the GaSb photodi-
ode is shown in Fig. 4. The processing of GaSb is very
important because of easy oxidation of the GaSb surface
which will degrade the photodetector performance. There-
fore, the time expended during the photolithography and
metallization processes should be as short as possible.
Figure 5 shows the dark current and 1/C2 as a function of
FIG. 5. The dependence of dark current and junction capacitance on reverse
bias voltage of a typical GaSb photodiode.
FIG. 4. A schematic cross section of GaSb photodiodes.1733Sun, Jiang, and Wu
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reverse bias voltage for the typical devices. The dark currents
are 2 mA at 5 V, 4 mA at 10 V, and 20 mA at 28.7 V. The
dark current degradation with bias voltage is caused by sur-
face leakage and recombination–generation centers in GaSb
layer. The lower dark current in the diode is attributed to the
reduction of the generation–recombination centers originated
from the native defects by using an Sb-rich solution. The
breakdown voltage defined as the voltage at 20 mA is 28.7
V, which is better than or comparable to those reported
previously.19–22 Above 33 V, the dark current is dominated
by tunneling current. In the forward direction ~not shown in
this figure!, the diode has a typical threshold voltage of 0.34
V and an ideality factor of 1.47. Junction capacitance of the
mesa photodiode is 4.95 pF at 0 V and monotonously de-
creases below 1.5 pF at 5 V, and approaches to 1.08 pF at 30
V. The carrier concentration in the GaSb layer is calculated
to be 4.331015 cm23 from the 1/C2–V characteristics, which
is in agreement with that measured by electrochemical C–V
methods. Moreover, the carrier concentration is uniform
throughout in the low-electron concentration GaSb layer as
indicated by the nearly linear dependence of junction capaci-
tance on reverse voltage.
Figure 6 shows the photoresponsivity and quantum effi-
ciency of the GaSb photodiode at 3 V for the wavelength
region from 1.0 to 1.8 mm. The photoresponsivity at 1.3 and
1.5 mm wavelength is 0.22 and 0.36 A/W, which corre-
sponds to the external quantum efficiency of 21% and 30%,
respectively. The maximum photoresponsivity of 0.55 A/W
occurs near the band gap energy for a GaSb homojunction
photodiode at 1.72 mm having the quantum efficiency of
40%.
IV. CONCLUSIONS
We have demonstrated the accurate control of electron
concentration of GaSb epitaxial layers grown from Sb-rich
solutions by LPE. The lowest electron concentration of 5.6
31015 cm23 is obtained by using 12 wt% Te-doped poly-
FIG. 6. . Photoresponsivity and external quantum efficiency of the GaSb
photodiodes at 23 V.1734 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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the GaSb growth solution to suppress or compensate the
background hole concentration of the undoped GaSb layer.
The 10 K PL spectra are dominated by the transitions of FE,
BE4, A8, and a broadband G . Their relative intensities
change with carrier concentrations. It is observed that the PL
spectra of Te-compensated GaSb layers grown from Sb-rich
solutions are significantly different to those of grown from
Ga-rich solutions. It is attributed to the reduction of native
defects or antisite structure for the GaSb layers grown from
Sb-rich solutions. From the observation of absorption, the
p-type GaSb layers exhibit a band gap shrinkage with in-
creasing hole concentration while the n-type GaSb samples
have a band gap increase with increasing electron concentra-
tion due to the Burstein-Moss effect. The fabricated GaSb
photodiode with the GaSb layer having an electron concen-
tration of 5.631015 cm23 exhibits a dark current of 2 mA at
25 V, a breakdown voltage of 28.7 V, a forward threshold
voltage of 0.34 V, an ideality factor of 1.47, and a maximum
photoresponsivity of 0.55 A/W at 1.72 mm corresponding to
the external quantum efficiency of 40%.
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